at the venous end, and least within the ventricles.
The seat of impulse initiation normally resides within the sinus venosus. Gaskell, correllating this difference in rhythmic power in different regions with the embryonic development, regards it as most pronounced in those regions which retain to the greatest degree the "embryonic ch .aracteristics" and are least speciali .zed for the purposes of contraction and the propulsion of blood.
The other contribution which we regard as fundamental for the present conception of the heart beat, is the series of physiological observations which indicates that recently discovered anatomical structures in the heart have the function of initiating and distributing the impulse or excitation to the contractile muscle tissues of the auricles and ventricles. Since much of the work contributary to this conception of cardiac activity is of comparatively recent date, we consider it proper to discuss it in some detail under separate headings.
ANATOMICAL CONSIDERATIONS
The conception of the origin and conduction of the heart beat in mammals now most widely prevalent, is intimately associated with certain recent histological observations, which tend to support the view of an anatomical as well as a physiological separation of those different properties of cardiac tissue, namely, automaticity, conductivity and contractility.
The first of these observations was the discovery of His (I) that a separate bundle of tissue crosses the auriculo-ventricular junction in the mammalian heart.
The proof of its functional importance for conduction of the impulse was carried out by His (2), Humblet (9, Hering (4) and especially Erlanger (5) . A new realization of the importance of the type of tissue comprising this structure developed, however, from the observations of Tawara and of Keith and Flack. The histological observations of Tawara (6) showed that the bundle is composed of tissue which differs from the usual type of cardiac muscle, and that it forms a part of an extensive system connecting the auricles with the ventricles.
The bundle begins above in a network of interlacing fibers of peculiar structure, lying near the base of the interauricular septum above the middle cusp of the tricuspid valve (the auriculoventricular node), and ends below in an extensive branching system reaching all parts of the endocardial surface of the two ventricles. The terminal branches are composed of large cells with prominent nuclei, the previously known Purkinje cells. The auriculo-ventricular node shows marked histological differentiation from the usual muscu-ORIGIN AND CONDUCTION OF HEART BEAT 3 lature of the auricles and ventricles, and its discovery presented an entirely new contribution to our knowledge of the more intimate structure of the heart. The presence of a similar collection of tissue in the sulcus terminalis between the superior vena cava and the right auricle (the sino-auricular node), was discovered by Keith and Flack (7) in 1906. This tissue had been apparently observed previously by Wenckebach (8) , who however interpreted it as a fibrous separating wall with a small bundle crossing it connecting the superior vena cava with the right auricle. Its structural identity with the auriculo-ventricular node was appreciated by Keith and Flack, and these workers regarded it as forming an important remains of the sinus venosus, and therefore probably important from the functional standpoint of impulse initiation.
The main histological elements of both the auriculo-ventricular and sino-auricular nodes are slender, interlacing fibers, which stain lightly, contain many elongated nuclei and are imbedded in closely packed connective tissue. The sarcoplasm is relatively large in amount and the fibrillae much less numerous than in the usual cardiac muscle fiber. Nuclei are present in large numbers and nerve fibers and ganglia are abundant within and near the node (9), (10) . Both nodes also receive a special and profuse blood supply. 2 The anatomical characteristics of the nodes, the distribution of the ventricular system of two nodes have been fibers and the exact position and extent of the studied by numerous subsequent workers. The observations quoted above have been abundantly confirmed and many other important facts added. Observations from the developmental standpoint, by embryological studies made on a single species or by comparative studies in different species, have especial interest in relation tlo the physiological importance and interpretation of the function of these structures.
It is beyond the scope of this paper to consider this work in detail, but certain conclusions that may be drawn from the work of Koch, (12), (13) , (14) , (E), (16) , Keith (17) , Keith and Mackenzie (ES), Mackenzie (19) , (20) , Kiilbs (21), Aschoff (22) and others, based in part on the older embryological observations of His and Born, would seem to be of sufficient importance to warrant presentation. 2 In further support of the anatomical and functional similarity of the two nodes, there may be mentioned the presence of an unusually high glycogen content in each, (11) and the fact, noted by Koch (12) , that neither node takes part in hypertrophy or atrophy affecting the usual cardiac muscle of the auricles and ventricles.
1. The sino-auricular node and a part at least of the auriculo-ventricular node are derived from the primitive sinus venosus. The auriculo-ventricular node is divided into two parts, an auricular portion, or " atria1 node" and a ventricular portion (22) ) (16) . The former is probably derived, along with the sino-auricular node, from the primitive sinus valves, while the latter arises from the auricular canal (23) . The atria1 node surrounds the opening of the coronary sinus and is sometimes designated as the coronary sinus portion of the auriculo-ventricular node. 2. The auriculo-ventricular bundle and probably a part of the auriculo-ventricular node are derived from the auricular canal of the primitive heart. In the lower adult reptilian heart, and in the early mammalian embryo, the auricular canal forms a prominent connection running from the junction of the sinus and atrium to the ventricle. The auricle is in large part a side growth from this canal. There is present a muscular path connecting sinus and ventricle which, according to Mall (24) , can be still recognized in the 8 mm. embryo as a broad strand connecting these two regions.
3. In the adult hearts of amphibia and reptiles, the auriculo-ventricular connection consists of two broad circular bands of vertically coursing fibers, forming really a right and left bundle, passing down from the lower border of the auricles deeply into the ventricle, where connections are made with the ventricular muscle. The separation into two halves results from the presence of the large auriculo-ventricular valves posteriorly and the large vessels anteriorly.
The fibers comprising these bundles are clearly differentiated from the myocardium by their histological resemblance to the auriculo-ventricular bundle of the mammalian heart and by the presence of a connective tissue envelope.
Further development leads to a greater and greater concentration of the fibers anteriorly with a disappearance of other parts of the ring, until in the mammalia the sole connection between auricles and ventricles is by a single collection of fibers originating in the auriculo-ventricular node and dividing at the anterior part of the base of the interventricular septum to form branches to each ventricle, the auriculo-ventricular bundle of His. 4. A sino-auricular junction, containing nodal tissue similar in structure to the sino-auricular and auriculo-ventricular nodes of the mammalian heart, is found at the right auricular border of the sinus venosus in the tortoise and selachian heart.
In the eel, the nodal tissue is quite diffuse throughout the wall of the sinus, but accumulated somewhat more abundantly at the junction between the sinus and the In the tortoise, the nodal tissue forms an almost complete circle at this junction.
In the bird's heart, histological differentiation has proven of some difficulty, and it was at first thought that the system of nodal tissue was absent (19) ) (20) . Subsequent work, however, revealed the presence of nodal tissue, although there seems to be considerable doubt as to whether a sino-auricular node is present separate from the auricular portion of the auriculo-ventricular node (atria1 node) (23) . In the lower mammals, nodal tissue is extensively distributed along the original sino-auricular junction, while in the higher mammals it tends to become concentrated near the termination of the superior vena cava.
5. Other remains of the sinus venosus, besides that forming the sinoauricular and a part of the auriculo-ventricular nodes, probably exist in the adult mammalian heart.
The cross striated fibers at the mouth of the superior vena cava have been especially noted in this connection.
6. While Keith and Flack, and Koch have described rather extensive connections between the sino-auricular node and the auricular musculature, most investigators have been unable to trace any connection between the sino-auricular and auriculo-ventricular nodes, which shows any anatomical differentiation from the usual cardiac muscle. On all sides, short ramifications from the node disappear into the surrounding muscle. The supraventricular connections of the auriculo-ventricular node likewise appear to consist of numerous short branches extending out into the surrounding muscle. Curran (25) , however, has described rather extensive bundle connections of the auriculo-ventricular node with the superior vena cava, right auricle and left auricle, and Thorel (26) found numerous branches from each node, consisting in large part of Purkinje cells, and making connection in the region of the coronary sinus. Thorel's findings have been denied by Aschoff and Monckeburg (27), Koch (15) All of the older workers placed the origin of the beat in the tortoise and frog within the sinus venosus (28), (29) or at the junction of this chamber with the veins (30) . More recently Garrey (31), working with the hearts of large tortoises and employing inspection and records by suspension, concluded that the beat began not in the sinus venosus, but in the right vein. This structure, according to Garrey, beats an appreciable interval before the sinus, and there may be recognized a veno-sinal interval comparable to the sino-auricular and auriculo-ven-tricular intervals.
The tortoise heart is thus regarded as consisting of four, rather than three, functional chambers, each beating alone and followed by the contraction of the next lower chamber after an appreciable pause. Meek and Eyster (32) , using the electrical method, located the seat of initial impulse formation in the sinus venosus, and in a later work (33) , in which large turtles were used, the exact location was determined in the sino-auricular junction.
This latter position as the seat of origin of the impulse in the tortoise heart has also been arrived at by Schlomovitz and Chase (34) , as a result of experiments in which the pacemaker was located by the method of local heating and cooling.
In the bird's heart Flack (35) was unable to demonstrate any specific or noteworthy effect on electrical or mechanical stimulation of the junction of the venae cavae with the right auricle, and also found that cold applied to this region was less effective in slowing the whole heart than when applied to the right atrium.
Mangold and Kato (36) , however, localized the seat of impulse formation insthe bird's heart, by the method of local cooling, at the junction of the right superior and inferior vena cava with the right auricle. Since histological observations carried out by others (18) , (19) had failed to reveal nodal tissue in this region, Mangold and Kato were inclined to believe that the origin of the heart beat in birds was in the usual cardiac muscle and not associated with nodal tissue. Subsequently, however, Mangold (37) associated the origin of the beat with nodal tissue, but rather with the auricular portion of the auriculo-ventricular node (atria1 node) than with the sinoauricular node. This conclusion was based on the view of Aschoff (23) , that the sino-auricular node is not present in the bird's heart, and the fact that the removal of the influence of the normal seat of initiation by local cooling (38) results in a rhythm in which the ventricular beats precede the auricular beats, and in which disturbances of conduction occur, with a more rapid ventricular than auricular rate. This type of rhythm is similar to that obtained by Zahn (39) in mammals as a result of cooling the auricular portion of the auriculo-ventricular node, and quite different from the type of rhythm obtained by cooling the sinoauricular node in these animals (see page 18).3 Mangold (38) also 3 The rapid heart rate normally present in birds make the study of the origin and conduction of the beat difficult in these animals. Mangold states that it is frequently necessary artificially to slow the rate of the beat. This is undoubtedly a procedure associated with possibilities of great error, since many experiments indicate that it may result in removal of the seat of impulse formation from its normal position.
This fact, combined\ with the uncertainty as to the exact character and relation of the nodal tissues in these animals, places the whole problem in a somewhat unsatisfactory state. The anatomical discoveries described in a preceding section have profoundly influenced the point of view of those investigators who have attempted to throw light upon the problems of the origin and conduction of the excitation in the mammalian heart. The earlier workers directed their attention particularly to the lower part of the superior vena cava or the intercaval regions, in the belief that these parts represent principal homologues of the primitive sinus venous, while since the description of the nodes and the ventricular conduction system, the main question has been the importance of these structures for impulse initiation and conduction. It would seem advisable, therefore, to describe first certain of the more recent researches which were carried out before these structures were described or without special reference to them, linking them up in certain instances with a few more recent repetitions or extensions of earlier observations.
One of the first investigators to apply modern experimental methods to the study of this problem in the mammalian heart was MacWilliam (JO). Employing the principle elucidated by Gaskell (41) in work on the cold-blooded heart, that the rate of beat of the whole heart was affected by heat and cold only when applied to the region initiating the impulse, he found that mild heat applied to the terminal portions of the vena cava caused acceleration of the whole heart, while it was ineffective when applied to the ventricles.
He did not state whether or not other regions of the veins or auricles were tested. Adam (42) localized more accurately the area affected by heat, finding this within the intercaval region and the point of maximum sensitiveness near the inferior vena cava. LangendorfT and Lehmann (43) excised the region described by Adam in artificially perfused rabbits' and cats' hearts, and found permanent auricular stoppage with temporary cessation of ventricular activity.
If the hearts were perfused with defibrinated blood instead of saline solution, the results were less pronounced, slowing occurring in rabbits', but in only one of four cats' hearts, and in no case did ventricular quiescence result. In two rabbits, the region was excised from the heart in situ. In one of these the auricles stopped for over a minute, in the other the rate was much slowed. After the excision the ventricle showed a shortened compensatory pause following an extrasystole, while previously ventricular extrasystoles had been associated with a full compensatory pause. This indicated that the ventricle assumed the function of impulse initiation, and further support for this view was found in the reaction of the ventricle to heat and cold after the excision in the intercaval region. Langendorff and Lehmann were of the opinion that neither the auricles nor the venae cavae have the power of independent automaticity, and in subsequent experiments of Lehmann, reported by Langendorff (44), it was found that the auricular appendages of both right and left auricles were not automatic, although automaticity could be developed within them by various external stimuli.
Erlanger and Blackmann (45) repeated these experiments and obtained transitory stoppage of the ventricles with recovery at a slower rhythm.
They also investigated the automaticity of various portions of the supraventricular regions of the heart by determining the rate of beat of isolated strips. The right atrium, near its junction with the superior vena cava, was found to have the highest automaticity in the sense that it contracted at a higher rate than other regions when isolated.
The next most automatic region was found in the tissue near the coronary sinus. All parts of the right atrium, however, showed evidence of automaticity.
Strips prepared from the left atrium rarely showed independent rhythmic beating.
Erlanger and Blackmann noted that the auricles and ventricles often beat simultaneously after removal of the region of the mouth of the superior vena cava (auriculoventricular or "nodal rhythm").
Subsequent experiments by Erlanger (46) , carried out with reference to the importance of the nodal tissue, are summarized on page 19. Hering (47) reported that a cut about 2 cm. long in the long axis of the superior vena cava, extending across the sulcus terminalis into the auricle, caused prolonged stoppage of the supraventricular regions in a single experiment on an excised, artificially perfused dog's heart. He obtained similar results in other experiments from single cuts made along the line of the sulcus terminalis.
A number of the earlier workers attempted localization of the seat of impulse initiation by observing that region which continued beating longest in the dying heart, on the assumption that this part was normally the most automatic.
The results, as might be expected, were quite divergent.
The "ultirnum moriens" was placed by MacWilliam (40) and by Hering (48) at the junction of the superior vena cava and right auricle, and by Fredericq (49) in a region lower down between the two venae cavae. Hering (50) , subsequent to the description of the sino-auricular and auriculo-ventricular nodes, located the region of the last surviving contractions in most cases along the sulcus terminalis, in the remaining instances in the region of the coronary sinus (coronary sinus or atria1 portion of the auriculo-ventricular node). Erlanger and Blackmann (45) made no more exact localization of the ultimum moriens than the region of the great veins as a whole. Hirschfelder and Eyster (51) observed contractions of the mouths of the great veins rarely in dying hearts, and when such contractions occurred there was usually complete dissociation between these and the contractions of the auricle. Koch (52) found that the region of the coronary sinus was the last to show contraction in the dying hearts of stillborn infants, In three such cases he cut away successively portions of the caval and intercaval regions, right atrium and interauricular septum.
No change in vent'ricular rate resulted until the lower third of the septum and the region of the coronary sinus was removed, when ventricular activity ceased. In the light of subsequent work it seems probable that these hearts were in auriculo-ventricular or "nodal rhythm" when the observations were made. More recent experiments of Eyster and Meek (53) , in which the seat of the ultimum moriens was compared with the seat of impulse initiation as determined by the electrical method, have proved that the ultimum moriens is variable in position and may not coincide with the region which acts as the pacemaker in the norma heart nor even in the dying heart.
The somewhat gratuitous assumption of the association of these two is therefore not supported by direct observation.
These experiments moreover showed that impulse initiation may occur in a region showing no visible contraction. 4 Several other experimental observations, either preceding the discovery of the sino-auricular and auriculo-ventricular nodes or made without especial reference to these structures, are worthy of record. Fredericq (54) studied conduction between the two auricles and between the auricles and ventricles by partially separating these chambers from the interauricular septum in dogs' hearts under isolation and artificial perfusion. It was found that after cutting away the venae cavae and a large part of the right auricle bordering the veins that the two auricles contracted synchronously.
Complete separation of the two auricles, by a cut along the interauricular septum, produced allorrhythmia, and the ventricles continued to beat in rhythm with the auricle that retained 4 This observation suggests therefore that the differentiation of automaticity and contractility may be complete in certain parts of the mammalian heart, and that regions in which the former property is most highly developed may have lost the power of contraction. Only a small bridge of connecting tissue (about 1 cm. in breadth), and indifferently situated, was sufficient to maintain a common rhythm of the two chambers. These observations were confirmed by Hering (55) . Similar observations carried out by Fredericq (56) more recently, in which dogs' hearts in situ were used and functional separation obtained by clamping, also indicated that complete separation of the right auricle from the interauricular septum abolished its influence on the left auricle and ventricles, which then beat independently and usually simultaneously.
Separation of the left auricle from the septum usually resulted in quiescence of this chamber.
While it has been generally recognized that graphic records secured by suspension methods are difficult of application to the mammalian heart in any attempt to analyze the contraction wave within individual chambers, due to the rapid contraction, blood movements and periods of common activity in one or more chambers, there have been a few efforts to analyze curves of this type. Rehfish (57) found in graphic curves taken by suspension from the auricle, a small wave, particularly pronounced during the slowing obtained by vagus stimulation, which immediately preceded the wave due to contraction of the main mass of the auricle. He referred this wave to contraction of the region initiating the impulse, the mouth of the superior vena cava. A wave on the venous pulse described by Eyster (58) , which preceded the auricular wave in slow-beating human hearts, had apparently a diastolic rather than systolic origin. Extrasystoles produced by stimulating of the veno-auricular junction or the mouth of the superior vena cava in dogs, produced the usual type of venous pulse without a wave preceding the auricular wave. A splitting of the auricular wave of the electrocardiogram, interpreted as indicating separate activity of the seat of impulse initiation and the main musculature of the right auricle, has been noted by Hering as a result of vagus stimulation and by Eyster and Meek (59) after partial isolation of the sino-auricular node. 5 One of the most important observations contributing to our present interpretation of the heart beat, is that after destruction or suppression of the normal pacemaker, the function of impulse initiation in most 5 Axial electrocardiograms, made with a very sensitive string galvanometer from the tortoise, show a wave preceding the auricular or P wave, due to the contraction of the sinus venosus (59) . The fact 'that such differentiation of activity is not evident in the mammalian electrocardiogram is probably due to the more rapid spread of the impulse and a shorter interval comparable to the sino-auricular interval of the lower vertebrates. cases is assumed by some region lying near the auriculo-ventricular boundary.
The impulses originating from this region reach the auricles and ventricles at or near the same time, so that these chambers, instead of contracting in their usual sequence, beat exactly or nearly simultaneously.
This rhythm is known as auriculo-ventricular or nodal rhythm, and was first clearly described by Englemann (60) . After the application of the first Stannius ligature (ligature between sinus venosus and auricle) in frogs' hearts, he found that in certain experiments the auricles and ventricles beat simultaneously or nearly so. On the assumption that the excitation spread from its origin in all directions at the same rate, Englemann concluded that it must arise under these conditions on the ventricular side of the auriculo-ventricular ring. A year later, Lohmann (61) observed that spontaneous beats that broke t#hrough vagal inhibition, both in the tortoise and rabbit heart, often showed a greatly reduced As-Vs interval.
He concluded that the seat of impulse formation in these was in the "Briickenfasern" connecting auricles and ventricles and stated that accordingly as the ventricular, middle or auricular portion of these structures became automatic, the intervals were negative (i.e., Vs-As), zero, or positive in value. By stimulating the auriculo-ventricular junction with electrical currents, he produced a rhythm in which the intervals were permanently shortened. A clinical case in which the a-c interval of the venous pulse was zero was reported by Mackenzie (62) in the same year, and Hering (63) in 1905 reported shortened As-Vs intervals on accelerator and vagus stimulation in dogs. Lohmann (64) , in a later work, secured auriculoventricular rhythm in rabbits' hearts as a result of the application of formalin to the mouth of the superior vena cava. He made no reference in this paper either to the sino-auricular or auriculo-ventricular nodes, but seems to have been the first to recognize clearly that the destruction of the influence of the normal pacemaker results in the removal of the function of impulse initiation to some region between the auricles and ventricles.
He stated that this may occur either as a result of the suppression of the influence of the normal pacemaker, or by heightening the automaticity of the lower region by electrical stimulation of the auriculo-ventricular boundary.
Further observations on the seat of impulse formation in auriculo-ventricular rhythm are summarized in the next section. This increased interest is indicated by the large number of recorded observations and the application of new methods or the elaboration of older methods of study. The methods of inspection, mechanical recording, the effect of heat and cold, the study of automaticity in isolated strips, isolation of parts in the excised heart or the heart in situ by cutting or clamping, have been employed in more extensive observations and with greater refinement.
The most important of the new methods is that which determines the region of initiation and the path of conduction of the excitation by recording the accompanying electrical current.
Although action currents from the heart had been recorded with the capillary electrometer as early as 1879 by Burdon-Sanderson and Page (65) , and later by Waller (66) and by Bayliss and Starling (67), it was not until the modification and adaptation of the string galvanometer to physiological purposes by Einthoven, that this method was applied intensively to a study of the origin and conduction of the impulse.
The electrical method has been applied in two ways. In one the propagation of the wave of negative potential has been studied by the application of electrodes directly to the heart. In this method the onset and direction of the wave determines the point of initial negativity, and the path of progression and the velocity can be calculated by the time required for the wave to pass between two or more electrodes. This method had been widely used previously in skeletal muscle and in nerve. In the other, leads from the body surface are used to record the summated action currents of the heart in the form of the electrocardiogram, and the curves then submitted to analysis. In general it may be said that the former has yielded more definite information, while the latter has been of most value in adding further evidence, and information relative to the path of conduction in the human heart.
While we do not wish to minimize the importance of many of the results obtained by other methods of study, we believe that the most extensive and reliable information that we possess at present has been gained through the adaptation of the electrical method.
We shall therefore devote a separate section to this subject and consider here only the more recent observations made by the application of other methods. node, that it represented the primary motor center of the heart, and Flack (7) ascribed the same function to the sino-auricular . 1 1 1 node in their paper nrst describmg tnis structure. Deverar years erapsea, however, before experimental observations were carried out. In 1910 a number of papers dealing with experimental studies appeared almost simultaneously.
The first of these to be reported were the experiments of Jaeger (69), who destroyed a wide region, including the sino-auricular node, by application of the thermo-cautery in a series of dogs and cats. From the diagrams given in his paper, it is evident that the region cauterized included the lower portion of the lateral surface of the superior vena cava, a considerable portion of the base of the right atrium and auricular appendage and the upper two-thirds of the intercaval region. Perforation and rapid death from hemorrhage occurred in all but a few experiments.
No disturbance of rhythm occurred in any case. While Jaeger's experiments were directed toward the question of the importance of the sino-auricular node and his conclusion was to ascribe no important function to it, it should be pointed out that from his results the same conclusion would necessarily apply, not only to the node, but to a wide area including the mouth of the superior vena cava, the intercaval region and a considerable portion of the caval border of the right atrium and appendage.
Flack (70) , one of the discoverers of the sinoauricular node, reported at nearly the same time6 a long series of experiments in which a study was made of the effects of the application of cold, of electrical stimuli, of atropin and muscarin and of clamping and ligaturing the node, and the influence of these procedures on the control of the extrinsic cardiac nerves. The experiments were carried out on the hearts of dogs, cats, rabbits and fowls in situ. The influence of cold in decreasing the rate of beat of the whole heart was confined to the sino-auricular node. Electrical stimulation caused inhibition or acceleration, depending on the strength.
The same strength of stimulation applied to neighboring regions had little or no effect. Little effect was noted on ligaturing or clamping the node. Unfortunately
Flack's records were made at too slow a speed to detect any changes in the rate of auriculo-ventricular conduction or the auriculo-ventricular sequence. His conclusion was that normally the dominating rhythm of the heart arises in the node. Flack (71) continued his studies in a series of papers published a year later, and concluded finally, that while the J. A. E. EYSTER AND WALTER 3. MEEK sino-auricular node may possess a high degree of automaticity, there are other parts in which this property is well developed, and that its main role is that of a "cardio-regulating center" rather than a cardiomotor center. Flack thought that it is through this region that the dominant rhythm of the heart is most readily influenced, this influence being exerted mainly by the intimate association of the node with the extrinsic cardiac nerves as evidenced by its neuromuscular structure. He stated that since its excision produced an insignificant physiological effect, it was probably of no clinical importance.
A similar view had been expressed by Ivy Mackenzie (72) on the basis of the histological structure of the node. Mackenzie suggested that its function was to act as a receptor for sensory impulses necessary for coordinated heart activity, in a way comparable to the muscle spindles of Kiihne and Sherrington in skeletal muscle.
Hering (73) attempted to destroy the sino-auricular node by burning with a hot wire. The experiments were made on dogs' hearts in situ. He found that there was little change except in the interval between auricular and ventricular contraction.
This interval was usually reduced by injury to the node. The reduction was not infrequently prededed by an initial transitory lengthening.
Sometimes the auricles and ventricles beat simultaneously or nearly so, or the ventricular beat preceded the auricular beat (Vs-As sequence). He suggested that in this rhythm (auriculo-ventricular), the seat of impulse formation was in the auriculo-ventricular node, and on the basis of his previous observations that the main delay in the passage of the impulse between auricle and ventricles occurs in the auriculo-ventricular node,7 suggested that the different As-Vs intervals may be accounted for by differences in the exact location of the seat of impulse initiation within this structure. If this is in the upper part of the node, an As-Vs interval approaching 7 Shortly after the appearance of Tawara's description of the auriculo-ventricular node, Hering (74) suggested that the greater part of the delay in the passage of the impulse from the auricle to the ventricle probably occurred in this node, and in 1910 (75) he offered experimental support for this view. The isolated perfused hearts of large dogs were opened and stimuli applied directly to the region of the auriculo-ventricular node and the time from the incidence of the stimulus to contraction of the ventricle recorded. If the bundle were cut near its origin from the node, stimulation of the ventricular end was followed after a very short interval by ventricular contraction, while the corresponding interval between the stimulus and auricular contraction was much larger when the auricular end of the cut bundle was stimulated, due to the fact that in the later case the impulse had to pass through the node. The difference amounted to four or five times. the normal might occur, while if in the mid-region one would expect the interval to approach zero, and finally if in the lower portions of the node, a Vs-As sequence would be the probable result. This view was merely an adaptation to the nodal structure of the previous suggestion of Lohmann. Histological examination of these hearts was made by Koch, who found that while considerable damage to the sino-auricular node was produced, it was not entirely destroyed in any experiment. As a result of these experiments, Hering inclined to the belief that the sinoauricular node is the normal seat of impulse formation, although he suggests that possibly it serves merely to conduct and distribute the impulse which actually arises in the superior vena cava. Magnus-Alsleben (76), as a result of experiments on isolated rabbits' hearts perfused by Langendorff's method with diluted ox blood, reported negative results from excision of the sino-auricular node and other regions of the auricles and venae cavae. The As-Vs intervals were unchanged, although the rate of beat was usually slowed. In one series of experiments, both auricles were cut away piece by piece without any constant or noteworthy influence on ventricular activity.
The general conclusion drawn was that there is no single area in the veno-auricular region of predominant importance for impulse initiation. While admitting that probably the normal seat of origin of the impulse may be at the veno-auricular junction, he concluded that when this is removed the seat of automaticity passes downward by steps ('I schrittweise") without disturbance of the beat, although the rate of contraction is usually somewhat slower when initiated from the lower regions.
Cohn, Kessel and Mason (77), (78) performed an extensive series of experiment's on the effects of removal of the sino-auricular node in dogs' hearts isolated and under artificial perfusion with salt solution.
A total of thirty experiments as carried out in which attempts were made to excise the sino-auricular node with as little damage as possible to surrounding tissue. Diagrams are given to show the region excised and subsequent histological examinations were made. Transitory quiescence of the whole heart, varying between four seconds and three minutes, and usually less than thirty seconds, occurred in twenty-four of the thirty experiments.
The period of quiescence was interpreted as representing the time required for the auricle or other tissue to take up the pacemaking function.
Simple incision through or across the node was without effect. Unfortunately, statements of the normal As-Vs interval and its change as a result of excision of the node, are given in only a few instances, although it is stated that in fourteen experimentIs As preceded Vs, in seven Vs preceded As, and in two the auricles and ventricles contracted simultaneously. It seems certain therefore that auriculo-ventricular rhythm occurred in a number of these experiments and its occurrence is excluded in none. The conclusion of these workers that no special region takes up the function of impulse initiation after removal of the sino-auricular node, is therefore not justified in the light of preceding and subsequent experimental data. The rate of beat following the excision of the node was permanently reduced. Excision of neighboring tissue failed to cause similar results to that following excision of the node. Similar experiments were performed by Moorehouse (79) , who found that excision of the sino-auricular node produced at times transitory quiescence of the auricles, at other times slowing without quiescence and in some instances no effect whatever upon auricular rate. He concluded that the slowing or quiescence, when it occurs, may be due to disturbance of the blood supply or to mechanical stimulation, and does not indicate any important physiological significance of the sino-auricular node. The As-Vs sequence and intervals were also not reported in these experiments. Removal of areas of tissue outside the node gave the same inconstant results.
The influence of cold applied locally to the sino-auricular node has been studied in detail by Brandenburg and Hoffmann and by Ganter and Zahn. Brandenburg and Hoffmann (80) worked on isolated rabbits' and dogs' hearts under artificial perfusion.
Cold was effective in reducing the rate of the whole heart only when applied to the region corresponding to the sino-auricular node. When marked cooling was carried out, auricles and ventricles beat simultaneously, in which case the authors assumed the impulse was arising within the auriculo-ventricular node. The transition from sino-auricular to auriculo-ventricular rhythm was abrupt, and associated with a reduction of the rate to about one-half the normal.
The change to auriculo-ventricular rhythm was referred to depression of automaticity in the sino-auricular node, as a result of the cooling, and the assumption of the function of impulse initiation by the region of lower automaticity.
On cessation of cooling the normal rhythm recurred.
Failure to obtain this result, they state, may be due to the heart not being in normal rhythm at the beginning of the experiment, or because of abnormal irritation of the right auricle from cutting or crushing, the seat of impulse formation on cessation of automatic activity of the sino-auricular node may pass to some region of the auricle rather than to the auriculo-ventricular node, When auriculo-ventricular rhythm was established as a result of cold applied to the sino-auricular node, they found that it could be abolished, without however a return of ing or otherwise submitting sino-auricular rhythm, by the neighboring auricular to almost n to determine clamping, tissue to .ormal value.
any localized scrapirrit aUnder tion. these
The As-Vs interval conditions they were returned unable region which, by the application of cold, could be proved to be controlling impulse formation.
The seat of impulse initiation was apparently widespread, involving the whole of the right and possibly the left auricle. They were thus inclined to believe that while under approximately normal conditions only other regions (right and the two nodes manifested automatic power, that possibly left auricle) could develop automaticity when exposed to abnormal influences of a nature tending to heighten tissue irrit#ability.
Brandenburg and Hoffmann also studied the effect of partial isolation of the sino-auricular node by a series of cuts along the auricular border. After each cut determination was made as to whether or not the node was still acting as the cardiac pacemaker by the application of cold. It was found that only a small bridge of connecting tissue was necessary to experiments of Ganter and Zahn maintain functional integrity. The (81) on the hearts of cats, rabbits, goats, dogs and apes in situ, agree in many details with those of Brandenburg and Hoffmann on isolated hearts. Ganter and Zahn found that the region normally susceptible to cooling corresponds to the area including the sino-auricular node, as determined by histological examination a result of cold characterized by applied to this marked reducof the hearts region, a new experimented upon. As type of rhythm develops, tion or disappearance of "head" of the node, was the As-Vs interval.
The found the most susceptible normal, in rate.
cooling the lower end The transition from upper portion, or region to relatively slight cold, and when the rhythm was of the node alone produced no change ntricular rhythm was found to be the rapidity of cooling of the sinosino-auricular to frank auriculo-ve abrupt or gradual, depending upon auricular val was node. If the cooling were not abrupt, as found by occurred through several stages. gradual, the change in As-Vs interBrandenburg and Hoffmann, but When auriculo-ventricular rhythm was established, as shown by great reduction in the As-Vs interval, warming or cooling the region of the auriculo-ventricular node, by means of a specially designed thermode introduced through a hole in the auricular appendage and applied to the base of the inter-auricular septum, was effective in influencing the rate of the whole heart. While, as we have seen, a number of workers had suggested that the auriculo-ventricular node was the seat of impulse initiation in auriculo-ventricular rhythm, this was the first direct experimental evidence to support this assumption. When the pacemaker resided in the sino-auricular node, as normally occurs, cooling the auriculo-ventricul than disturbances in auriculo-ventricular more .ar node caused nothing conduction.
The final conwas that the capacity of rhythmic impulse formation is at least degree associated with the sino-auricular and auriculo-ventricuclusion in high lar nodes. Zahn (39) . former work combined cold to different parts These experiments were later repeated and extended Using the warming and cooling apparatus employed in with an endoscope, he was able of the auriculo-ventricular node bY the to apply heat or and neighboring in situ. A few experiments The sino-auricular node was were first also carried des-troyed by application of a hot glass rod or of formalin, or in isolated hearts it was excised. The criterion of its destruction in the heart in situ was the absence of the usual effects of the application of heat and cold. Zahn was especially concerned with determining the seat of impulse formaregions in the heart on isolated hearts. out the tion in those cases where , after destruction of the sino-auricular node, the As-Vs interval was of approximately normal length. Brandenburg and Hoffmann, as noted above, believed t,hat under these conditions the impulse arose in a widespread region of auricular t,issue. Zahn found, as did these workers, that destruction of the impulse forming power of the sino-auricular node did not always produce a frank auriculo-ventricular rhythm, or if this was present at first, the As-Vs interval frequently gradually increased until it approached the normal.
He found, however, that in all such cases a localized area could be determined which dominates the rhythm.
This region is the tissue surrounding the mouth of the coronary vein. Histological examination of the hearts from these experiments was made by Koch, who found that this region contained abundant nodal1 tissue, and identified it with the coronary sinus portion of the auriculo-ventricular node as previously described by Aschoff (22) ? Zahn concluded that after elimination of the sinoauricular node some part of the auriculo-ventricular node assumes the function of impulse initiation, and the As-Vs interval in the rhythm which results depends upon the portion of the latter After removal of the sino-auricular node, warming node that is active. the coronary sinus portion of the auriculo-ventricular node produced a rhythm in which the As-Vs interval was only slightly less than normal, while warming the middle and lower regions produced a much shortened As-Vs interval, the disappearance of this interval or tlhe occurrence of a Vs-As rhythm. All parts of the auriculo-ventricular node thus seem to have the power of automaticity without great variation in degree in different parts.g
Further contributing evidence pointing to the sino-auricular node as the normal seat of impulse initiation has been furnished by Sansum. It was shown by Englemann (83) in 1897 that in the frog premature beats produced by stimuli applied to the auricles and ventricles were followed by a pause sufficiently longer than the usual diastolic pause to restore the original rhythm (compensatory pause), while if such extra stimuli were applied to the chamber initiating the rhythm (the sinus venosus), the pause following the extra beat was little if any larger than the usual diastolic pause. Sansum (84) attempted to apply this same principle to the mammalian heart, and while it was found that all auricular extrasystoles showed less than a full compensatory pause, this pause was shortest in extra systoles arising from stimuli applied to the sino-auricular node.
The line of work which has yielded results most opposed to the view that the sino-auricular node is to be regarded as the most automatic region of the heart and the normal seat of impulse initiation, is the study of relative automaticity in different regions of the heart by isolation of strips and determination of their rate of contraction when thus isolated. The early work of Erlanger and Blackrnann (45), made without reference to the sino-auricular node, has already been quoted (page 8). These experiments were repeated and extended by Erlanger in 1910 (46) , in a study of strips isolated from thirty-nine cats' hearts. He found that strips from the intercaval region, mouth of superior vena cava, right atrium, inferior vena cava, coronary sinus and interauricular septum showed spontaneous contractions when isolated. Strips from the right auricular appendage (except in one instance), the left auricle and the pulmonary veins were inactive.
In the rhythmic strips the rate of beat varied greatly, but was approximately the same in 9 A critical consideration of the method of the application of heat in locating automatic regions is given by Schlomovite and Chase (82) . These authors also confirm the location of the normal pacemaker in the sino-auricular node, but find that any of the "sinus tissue" of the veno-auricular regions may respond to higher temperatures, presumably due to an increase in its automaticity as a result of the application of heat. Another explanation seems possible, however, namely, conduction of the heat to the neighboring sino-auricular node. those from the superior and inferior venae cavae and the coronary sinus region. Stimulation of quiescent strips from these regions would usually start rhythmic beating, which continued after the cessation of the stimulus, and it was found that the most constant result in this respect was obtained from strips of intercaval tissue from a region parallel with and on the venous side of the sulcus terminalis. A repetition of this work with histological control was made by Moorehouse in 1912 (79) . Strips were made from the isolated dog's heart and the rate of contraction and response to rhythmic stimulation determined. Strips containing the sino-auricular node showed no higher rate of contraction than those made from neighboring tissue in which no nodal tissue was present. In a subsequent paper Moorehouse (85) Attempts to locate the primary seat of impulse initiation in the mammalian heart by galvanometric methods were made at almost the same time by Wybauw (86) and by Lewis, Oppenheimer and Oppenheimer (87) lo These determinations were based on the assumption that a condition of electrical negative potential is associated with activity, and that when the activity is propagated in the form of a wave, it is accompanied by this alteration in electrical condition.11 The problem 10 The use of the method was apparently independently applied by Wybauw and Lewis. Statements in each paper indicate that each worker was aware of the investigations of the other. Lewis used the method in a publication (88) preceding Wybauw's preliminary note, in which he found that in two instances after recovery of normal rhythm following experimental auricular fibrillation in dogs, a point on the superior vena cava was negative before a point on the inferior vena cava. In the paper on the electrocardiograms of auricular extrasystoles, Lewis (91) states that preliminary observations had been undertaken with this method, but hearing that Wybauw's observations were nearing completion, this line of investigation was not pursued. The proof that initial negativity is associated with the region of the sino-auricular node, was first furnished by Wybauw.
In the paper of Lewis, Oppenheimer and Oppenheimer, reference is made to the preliminary publication of Wybauw. in the heart was therefore to find the region showing initial negativity at the onset of the beat, the location of which should be identical with the region manifesting initial activity.
Electrodes were placed at various points on the right auricle, superior and inferior venae cavae and intercaval region, and connected in pairs with a string galvanometer. The point showing initial negativity was determined by the direction of the initial movement of the string in the curve obtained, it having been determined beforehand the direction of movement when one pole of the galvanometer was made electronegative to the other. Wybauw found in thirty out of thirty-eight determinations in the dog's heart in situ, that an electrode on the sulcus terminalis, at a point corresponding to about the middle of the sino-auricular node, showed initial negativity when compared with other regions. He found that the wave of negativity spread out rapidly from this region and reached the right atrium within a few hundredths of a second, indicating the absence of a sinoauricular interval comparable to that present in the lower vertebrates. Lewis, Oppenheimer and Oppenheimer determined the seat of initial negativity in the hearts of seven dogs in situ. Seven points along the sulcus terminalis, six points along the int,ercaval region, four points on the right atrium and two points on the pulmonary vein were investigated. At the completion of each experiment the hearts were examined histologically in regard to the position of tlhe electrodes in relation to the sino-auricular node. The upper end of the sino-auricular node, near its widest region, was found negative to all other points in six or seven experiments.
In one experiment a point near the mouth of the pulmonary vein was negative when compared with the sino-auricular node. These workers, therefore, placed the seat of normal impulse initiation in the dog in the upper part or cephalic end of the sino-auricular node, and not in the mid-region, as had been found by Wybauw. showed that the heart also developed action currents during normal contractions. The constant association of tissue activity with an "action current" seems to have been firmly established and is a generally accepted phenomenon. Direct evidence of the association between these two phenomena in the sino-auricular region of the mammalian heart has been recently obtained by Lewis (90) . The auricular contraction wave, as recorded by the approximation of a grid of fine hairs or threads attached to points on the heart surface, was compared with the spread of the wave of negativity.
While considerable difficulty attaches to the interpretation of graphic curves of this type when recording movements of small masses of muscle attached to larger moving masses, evidence was obtained that the two phenomena are directly associated, the contraction wave following the negative variation at any point by approximately 0.02 second. In a preceding publication Lewis (91) had attacked the problem in another way. Axial electrocardiograms from dogs were recorded and extra or premature contractions of the heart produced by stimuli applied to different regions of the auricle and venae cavae. It was found that the auricular complex (P wave) resembled that obtained during the normal beats only in extrasystoles which were induced by stimulation of the region of the sino-auricular node. It was concluded therefore that the normal impulse arises in this region. The relation of the region of the sino-auricular node to initial negativity was further confirmed by Eyster and Meek (92) . In thirty-eight experiments on dogs' hearts in situ, some part of the sino-auricular node was found to precede one or more regions lying outside in all cases. Determinations made on the region of the node and its immediate neighborhood, controlled by histological examination, placed the init#ial change in that part of the node containing the greatest mass of tissue, usually the upper part.
Initial negativit,y of the sino-auricular node, when compared with other regions, was also found when the galvanometer was made unusually sensitive (one millivolt giving a deflection of 1050 millimeters).
This observation was believed to meet an objection to previous experiments raised by Erlanger (93) ) namely, that the excitation may start from outside the node and become concentrated within it, becoming of sufficient strength to influence the galvanometer only when such concentration had occurred. The endocardial surface of the node was also found initially negative to epicardial points outside the node. Experiments were also carried out by Eyster and Meek (59)) (92) in an attempt to determine the rate and paths of conduction from the sino-auricular node to other regions, particularly the right auricle and auriculo-ventricular node. In addition to comparisons of negativity, the incidence of the main electrical change at various electrodes compared with the onset of mechanical systole of the right auricle recorded by suspension was used as a basis for calculating the rate of propagation of the electrical wave It was found that while the spread from the sino-auricular node to surrounding structures was of a radial nature and that no restricted path or paths of conduction could be made out, there were apparent certain differences in rate which were regarded as significant.
The wave of negativity was found to be propagated throughout the sino-auricular node and to contiguous venous regions with considerable rapidity, reaching the mouth of the superior vena cava within 0.01 second, while its spread to the auricular muscle was somewhat slower, a sino-auricular interval averaging 0.027 second being This delay in passage to the auricle was such that in the majority of the experiments the auriculoventricular node became involved before the right atrium. It was concluded, therefore, that the excitation spreads by independent paths from the sino-auricular node to the right atrium and to the auriculoventricular node, and does not pass through the atrium to the ventricle as ordinarily stated.
Lewis, Meakins and White (95) carried out a series of experiments on dogs' hearts in situ, in which the spread of the wave of negativity from the sino-auricular node was studied by determination of the direction of movement of the galvanometer, and the rate estimated by comparison of the incidence of the wave at given points with the summit of the P wave of the axial electrocardiogram.
They were unable to determine any essential difference in the rate of propagation such as had been described by Eyster and Meek,13 and concluded that the excitation spread in all directions from the sino-auricular node at approximately the same velocity.
The actual average rates as determined show, however, the lowest rate of propagation to the superior vena cava (588 mm. per sec.), and the most rapid propagation to the intercaval region (1232 mm. per sec.) and to the auriculo-ventricular node (1101 mm. per sec.). The rate to the right auricle averaged 859 mm. per second.
Meek and Eyster (96) proved by the method of initial negativity that when the sino-auricular node was rendered functionless by the application of formalin, by crushing, cutting or clamping around the node or by vagus stimulation, the seat of impulse initiation invariably removed to the region of the auriculo-ventricular node. When the As-Vs interval approached the normal, the seat of initial negativity was found tlo be in the coronary sinus portion of the auriculo-ventricular node, while with great reduction in the As-Vs interval, it was located in the ventricular portion of this node. In no case, after the sino-auricular node had ceased to function, was it possible to locate initial negativity outside the area containing the auriculoventricular node. In ano-ther series of experiments (97), these investigators proved that upper portion of the the applicaGon of sino-auricular node, slight cold the normal locally to the seat of initial negativity, resulted in depression of automaticity in this region, and initial negativity now appeared in lower portions of the same node. This proof was furnished by the simultaneous vanometers, one comparing the upper with the use of two string gallower end of the sinosino-auricular and the upper end of auriculothe node, other comparing the auricular node, the ventricular nodes. As a result of cooling the direction of movement in the first galvanometer reversed, showing initial negativity in the lower part of the node. That the seat of initial activity had not, however, been removed auriculo-ventricular node, was proved by movement in the second galvanometer of the seat of initial activity from the from the the fact remained sino-auricular to the that the direction of constant.
This shift the lower Gart of the upper to sino-auricular node was associated with lengthening of the cycle and shortening of the As-Vs interval.
After the cooling was allowed to resumed, indicating a return of the upper part of the node. It seemed pass off, function the original condition was of impulse initiation to the probable, therefore, to zero and reversal that all gradations of As-Vs interval from the normal were accountable for on the basis of impulse initiathe sino-auricular or auriculo-ventricular nodes. paper Eyster and Meek (98) carried out further tion in some part of
In a subsequent studies in reference node to the right to cond .uction of the impulse from the sino-auricular atrium and auriculo-ventricular node . Ten experiments were made on dogs' hearts in situ, in which a series of points, as nearly equidistant as possible from the sino-auricular node and on the auricular and venous sides, were compared as to the reception of the excitatory process by the method of initial negativity.
As a preliminary measure, the fact that a normal rhythm was present was determined by proving that the upper portion of the node was negative before all other points and before the auriculo-ventricular node. These experiments side of the node usually on the auricular side, showed that points on the venous or intercaval manifest negativity before equidistant points and that the excitation should be regarded therefore as spreading more rapidly in this direction than to the auricle. There was to be found no restricted region surrounding the node which invariably received the excitation before other regions, indicating no localized, restricted path of conduction.
In forty-five experiments, also on dogs' hearts in situ, the sino-auricular node and immediately contiguous tissue was partiallv or completely isolated by successive cuts or by clamping.
In ten of these the occurrence of activity in the sino-auricular node, the superior vena cava, the right atrium, the coronary sinus region and the auriculo-ventricular node was determined by initial negativity. In the remaining thirty-five, the time for propagation of the excitation from the sino-auricular node to the right atrium and to the auriculoventricular node and from the right atrium to the auriculo-ventricular node, was determined by applying two electrodes, separated by several millimeters to each of these regions, and connecting each pair to separate galvanometers.
The comparison of the time of occurrence of the excitation in any two regions was made from simultaneous curves of the two galvanometers.
The data from the normal, before partial or complete isolation of the sino-auricular node, supported the view previously advanced, namely, that conduction to the right auricle is delayed and that the auriculo-ventricular node receives the excitation by a path separate from this chamber.
The auriculo-ventricular node received the excitation before the right atrium in nine out of twelve experiments in which initial negativity was determined.
In twenty-four experiments in which time intervals were measured, the right atrium, however, received the excitation first in fifteen, and the average of all placed this chamber 0.003 second before the auriculo-ventricular node. The average time for passage of the excitation from auriculo-ventricular node was 0.023 second ments, and the corresponding time from the sino-auricular node to the right atrium was 0.020 second in nineteen experiments.
Isolation of the node was carried on the four sides out by making successive the sino-auricular in twenty-eight to the experiof the node, determination cuts or clamping the tissue s being made after each procedure. The following is a summary of the more important results. A single cut, made along the intercaval border of the sulcus terminalis, produced permanent auriculo-ventricular rhythm in 25 per cent of the experiments and in 12.5 per cent more this rhythm was established temporarily.
A single cut across the sulcus above the head of the node produced transitory auriculo-ventricular rhythm in 40 per cent, but in no case was it permanent.
A single cut across the sulcus below the by 10.220.33.5 on November 6, 2017
http://physrev.physiology.org/ node produced permanent auriculo-ventricular rhythm in 10 per cent and transitory rhythm of the same type in 10 per cent. A along the auricular border of the node failed to produce either single cut transitory or permanent auriculo-ventricular rhythm in any of seventeen experiments. This last cut, however, increased the time of conduction from the sino-auricular node to the right auricle, but did not affect the corresponding interval between the sino-auricular and the auriculo-ventricular nodes. The latter interval was lengthened, however, by the other cuts, particularly the one across the sulcus below the node. Isolation of the sino-auricular node on three sides, the right atria1 connection remaining intact, caused a marked increase in the conduction time between the sino-auricular and auriculo-ventricular nodes. This procedure also produced auriculo-ventricular rhythm in 82 per cent. Interruptions of the connections of the sino-auricular node on all four sides produced auriculo-ventricular rhythm in all cases. From these results it was concluded that there is no single, well-defined and localized path which serves to the exclusion of others for the conduction of the excitation from the sino-auricular to the auriculo-ventricular nodes; at least it may be said that if there is such a path, there are other paths which are capable of conducting the excitation with almost equal facility. The experiments seem to establish, however, with equal clearness, that the spread of the excitation from the sino-auricular node to the right auricle and auriculo-ventricular node is by separate paths, and the former does not normally receive the impulse through the latter, but may do so (in approximately 27 per cent of all cases) when the normal path of the impulse is interrupted.
The excitation, arising normally in the sino-auricular node, spreads directly to the right auricle, probably in a diffuse manner, from the auricular side of the node. It also spreads tlo the auriculo-ventricular node by paths, probably also diffuse in nature, connecting with the upper, intercaval and lower borders of the node.
In a subsequent communication, in which tlhe same methods were employed, Eyster and Meek (99) furnished experimental proof of the occurrence of partial and complete sino-auricular and sino-ventricular block by independent registration of tlhe activitv of the sino-auricular node, auriculo-ventricular node and right auricle, by means of the action current developed in these regions.14 ParCal block was obtained in 14 A number of examples of supposed sino-auricular block in mammalian experiments and in clinical cases have been reported-Erlanger and Blackmann (45), Eyster and Meek (loo), Eyster and Evans (101) and Levine (102) ;-but in all these the condition has been inferred from dropped beats in an otherwise regular rhythm. The probable factors whiqh determine the comparative raritv of tthis condition in the mammalian heart were considered in detail. v The infrequent occurrence of partial sino-auricular and sino-ventricular block was believed to be due to a, the diffuse nature of the conducting path between the sino-auricular . and auriculo-ventricular nodes; b, the possibility in a certain percentage of cases, of conduction between these two nodes by way of the right atrium, when the normal sino-ventricular path is destroyed; and finally c, the close approach of the automaticity of the auriculo-ventricular node to that of the sino-auricular node. Complete sino-auricular and sine-ventricular block was regarded as a potential possibility in any instance of auriculo-ventricular rhythm, and its presence was proven in two experiments.
In these the region of the sino-auricular node was found to be generating impulses at approximatlelv its original rate and at a faster rate than the auriculo-ventricular node. The auricles and ventricles were following the rhythm of the latter node. It was also shown that the right auricle, while normally receiving its excitation directly from the sino-auricular node could receive the same from the sino-ventricular conduction path, but under these circumstances the period of conduction from the node to the auricle was much prolonged. These experiments were regarded as furnishing still further evidence of separate sino-auricular and sino-ventricular paths?
Partial or complete removal of the sino-auricular node under aseptic precautions in dogs, with recovery and subsequent ele&rocardiographic observations, has been carried out by Eyster and Meek (104) . The removal of a considerable portion of the node results in thetemporary establishment of a rhythm in which auricles and ventricles beat simultaneously or nearly so. After a period, varying from several hours to several days, the interval lengthens, but seldom equals normal.
In most instances subsequent examination by the method of initial negativity has shown that the permanent rhythm established had its origin in the coronary sinus part of the auriculo-ventricular node. In a few instances, however, the pacemaker resided permanently in the portion of the sino-auricular node which remained intact.
Complete removal of the node is associated with technical difficulties, but has been successfully .accomplished in several instances and a permanent auriculoventricular rhythm observed as long as six months.
At the end of the period of observation in each experiment, the seat of impulse initiation was determined in these animals by electrodes applied directly to the heart. Each experiment was also subjected to histological control. Control experiments, in which a portion of the right atrium near the node was removed, showed no change in rhythm from the normal. These experiments are interesting, not only in indicating the paramount importance of the node-bearing tissue, but also that only a relatively small portion of it is necessary to maintain normal rhythm.
As with most physiological mechanisms, an excess beyond that necessary to maintain functional activity under usual conditions is present. CONDUCTION 
IN THE VENTRICLE
Conduction of the excitation to the ventricles in the mammalian heart occurs, probably exclusively, by way of the auriculo-ventricular bundle .I6 Tawara showed that the branches of the bundle do not terminate, as had been supposed, near the auriculo-ventricular boundary, but continue as an extensively ramifying system making connection with the Purkinje network in the subendocardium.
The initial branches pass out mainly to the papillary muscles. The branch to the right ventricle passes along the right side of the interventricular septum to the base of the chief papillary muscle. The left division breaks into two chief strands which pass to the anterior and posterior papillary muscles. Other smaller branches pass to the septum.
The larger branches are enclosed by endocardial sheaths which may be brought out clearly by injection methods (108) . The Purkinje reticulum or network lines nearly the whole subendocardial space, and occasionally strands run for several millimeters into the ventricular muscle.
In the lower vertebrates' heart there is, however, no well-defined bundle restricted to a small region, but a broad muscular connection or "funnel" bridging all or most of the auriculo-ventricular boundary. In the amphibia and reptiles the connecting fibers show a certain degree of differentiation, however, both macroscopically and microscopically (21) . The fibers of the auriculo-ventricular funnel all pass in a down-16 Kent (105) has described an additional bundle of neuro-muscular structure passing across the auriculo-ventricular groove. This he later described as beginning above in a mass of "nodal tissue" lying in the right lateral auricular wall (106) . After severing all auriculo-ventricular connections except this bundle, auricular contractions were found by Kent to be conducted to the ventricles (107). These findings, so far as we are aware, have not been confirmed, and opposed to them is the result of numerous investigators that severance of the His bundle alone results in auriculo-ventricular dissociation. The funnel is interrupted by the valves posteriorly and the large vessels anteriorly, and the posterior (dorsal) part of the structure makes connection witlh the ventricular muscle higher than does the anterior portion.
The elements of the funnel contain fewer fibrils and more sarcoplasm than the usual cardiac muscle. Further reduction in the funnel occurs until in mammals it is reduced to a small bundle lying anteriorly.
Gaskell (28) attempted to determine whether shy special portion of the auriculo-ventricular ring in the tortoise heart was of greater importance for conduction than other parts, and found that section of the anterior part resulted in the greatest tendency toward dissociation. From similar experiments Laurens (109) concluded that the two lateral halves of the ring are more important, particularly the one on the left side, although in some cases the anterior portion alone can maintain conduction.
Meek and Eyster (110) found that the anterior portion of the auriculo-ventricular ring was the first part to show the negative wave as the impulse passed to the ventricle.
The course of the wave of nega-tivity in the ventricle of the tortoise during its activity was studied as long ago as 1883 by Burdon-Sanderson and Page (Ill), using the capillary electrometer.
These investigators found that contacts on base and apex yielded diphasic curves indicating primary negativity of the base with passage to the apex and termination; in other words, a simple wave progressing from base to apex. This was confirmed by Waller (112)) and Bayliss and Starling (113) came to the same conclusion as to the course of the wave in the mammalian heart. If the heart were cooled or was in otherwise 'bad condition, Bayliss and Starling found that a reversal of the normal direction of the electrical wave was the rule. The triphasic waves encountered in the mammalian heart were interpreted as indicating a maintenance of the condition of electrical negativity at the base after it had disappeared at the apex. The wave was supposed to begin at the base, as indicated by the upstroke on the curve, to pass to the apex and produce a downstroke on the curve, while the persistence of the condition of negativity of the base after its disappearance at the apex caused a final upstroke. Gotch (114) obtained similar triphasic curves from the tortoise and rabbit, but interpreted them as meaning a final return of the wave tlo the base. He believed that the negative wave appeared first at the auricular base, passed to t,he apex and returned tlo the aortic base, a course comparable to the direction in the primitive cardiac tube.
Meek and Eyster (110) recorded the wave of negativity over the surface of the by 10.220.33.5 on November 6, 2017 http://physrev.physiology.org/ Downloaded from tortoise ventricle by numerous contacts on the anterior, dorsal and lateral surfaces, and found the wave to spread around the auriculoventricular ring from the anterior part, thence to involve the whole base of the ventricle and finally to pass to the apex. No evidence of final base negativity was found.
The third variation of the triphasic curve in base apex leads, comparable to the T wave of axial electrocardiograms, and interpreted by Gotch as indicative of terminal negativity at the base, was shown to be obtained from cardiac tissue in general without reference to the base of the ventricles.
Clement (115) investigated tlhe occurrence of the wave of negat ivity at points on the ventricular surface of the frog and tortoise, by comparing the incidence of the arrival of the wave at pairs of electrodes, the terminations of which were in contact. 17 He found the action current toappear on the surface almost simultaneously throughout, although the base and apex usually preceded the mid-region by a few thousandths of a second. Extrasystoles produced by artificial stimulation were conducted very much more slowly in the form of a wave spreading out from the point of stimulation.
Erfmann (11% using the same method, compared the apex, middle, and right and left bases of the ventricles in dogs' and cats' hearts in situ. The base was found to receive the excitation a few thousandths of a second before the apex. The whole surface was regarded as receiving the impulse almost simultaneously.
In the mammalian heart also an extra contraction produced by artificial stimulation was conducted with comparative slowness. Erfmann noted that the ventricular complex of the axial electrocardiogram began before (an average of about 0.035 second) the occurrence of the excitation wave on the ventricular surface, indicating that some internal portion received the excitation first. Using the same method on isolated art!ificially perfused dogs' hearts, Lhneider (117) found the apex negative before the base, the reverse of that described by Erfmann in hearts in situ. The papillary muscles received the wave of negativity before the 17 The two electrodes in each pair were connected by a thread of woolen yarn and the middle of this applied to the heart surface. A small part of the electrical change in the heart was conducted to the galvanometer, but sufficient to cause a deflection.
By the use of electrodes of this type ("differential electrodes") it is thought that action currents arising from the activity of distant regions and conducted to the electrodes by the heart acting as an indifferent conductor are avoided, and that only changes are recorded due to tissue activity immediately beneath the electrodes.
The difficulty with the use of this method arises from the necessity of working with a very loose galvanometer string in order to record the minute currents obtained. apex (an averge of 0.012 second)ls while the area showing initial negaGvity was found to be the interventricular septum, which preceded the earliest external surface contact by an average of 0.03 second.lg
Lewis has reported a series of experiments on the hearts of toads, tortoises, birds and dogs, all in situ, in which the appearance and course of the wave of negativity was determined by the direction of movement of the galvanometer thread and by comparing the incidence in direct leads from various points with the R complex of the axial electrocardiogram.20 Interior as well as surface points were compared.
In the toad (125) the mid-region of the ventricle was the first part of the outer surface to show negativity, but this was preceded by the internal surface near the auriculo-ventricular ring. The latter coincided in time with the onset of the R complex, indicating further that it was the first part of the ventricle to receive the excitation wave. The apex preceded the base in three hearts, while the reverse was true in two. Surface readings differed by 0.015 to 0.035 second, indicating a much slower propagation than found by Clement.
The truncus arteriosus was the last part to show indications of activity.
It was concluded that the excitation spread from the internal surface of the auriculo-ventricular ring outward to the ventricular surface through the walls of the ventricle. In the tortoise (126) similar conditions were found, except that both 18 Since the papillary muscles, in reference to the anatomical distribution of the auriculo-ventricular bundle, should be one of the earliest parts of the ventricles to receive the impulse, several investigators have attempted to record their contraction by mechanical suspension in isolated hearts under artificial perfusion.
With the difficulties attending the recording of the contraction of a small mass of tissue attached to a larger moving mass and the doubtful interpretation of records thus obtained, it is not surprising that the conclusions should have been divergent.
Roy and Adami (118) and Fenwick and Oberand (119) found the contraction of the papillary muscle follows contraction of the ventricles as a whole. The former worked with dogs, the latter with isolated rabbits' hearts. Hering (110) found the reverse to be true and Haycraft and Peterson (121) regarded the two as practically simultaneous. Finally, Salzman (122) found that the anterior papillary muscle contracted after the base but before the apex of the ventricle.
1s De Meyer in 1907 (123) found the outer surface of the ventricle negative before the interior surface in excised frogs' and turtles' hearts, while Straub (124) found in artificiallv perfused tortoise hearts that the general interior surface (the perfusion solution forming a single electrode) was negative before the outside apical surface.
20 Probable sources of error in such determinations have already been mentioned (page 23). Measurements with two pairs of electrodes in the heart surface are probably less subject to error. the internal and external surfaces of the base were negative before the apex. In the bird Lewis (127) found that the whole process of spread through the ventricle occurred within 0.02 second, and from surface readings as well as electrocardiographic analysis (see page 33), concluded that the excitation spread downward through t'he interventricular septum to the apices and thence to the ventricular bases. More recent observations on the bird's heart by Mangold (38) in which surface comparisons of negativity were made, indicate that the excitation, at least on the outer surface, reaches the apex of the right ventricle and the base of the left ventricle first, and courses in opposite directions in the two ventricles.
In the dog the first region on the outer surface of the ventricles to show evidence of reception of the excit,ation was found by Lewis and Rothschild (128) to be the ventral surface of the right ventricle near the mid-region of the septum.
The wave passes from here to the right over the ventricle and to tlhe base and apex. The left ventricle shows indication of surface activity first at the apex. Negativity appears almost simultaneously over a number of points quite widely separated, indicating that it is not conducted in the form of a wave through the superficial heart muscle but is distributed to the muscle through the conductive system (ramifications of auriculo-ventricular bundle and Purkinje net work). Further support for this conclusion was obtained on section of the right branch of the auriculo-ventricular bundle, which resulted in no change in the time of arrival of the excitation over the left ventricle, while the contacts on the right ventricle showed a delay amounting to double or more the normal.
Comparison of corresponding points on the interior or endocardial lining with the outer epicardial surface showed the former always to precede. The difference in time between these depended on the thickness of the muscular wall. The region of the ventricle showing first evidence of activity was found to be an area of the endocardium supplied by the initial branches of the left bundle (septum ben&h a&ic valve)?
The main 21 Electrocardiograms, obtained by leading from electrodes applied to the surface of the body, are tlo be regarded as formed by a summation of the various action currents developed in the heart during the passage of tlhe excitation from its point of origin to its final termination in the ventricles and the muscular contractions which follow in itIs wake. Einthoven in 1912 (130) called attention to the fact that if simultaneous points on the three standard electrocardiographic leads are known, and the direction and magnitude of the electrical change recorded by each are determined, it is possible to find the direction of the potential difference in the heart by using the method of the equilateral triangle. 23 This method was submitted to analysis by Einthoven, Fahr and DeWaart (131) and was applied to a determination of the direction of the electromotive force during different phases of the ventricular cycle by Fahr and Weber (132). The curves from the three leads give the z2 Hering (75) potential differences of the three corners of an equilateral triangle lving in the frontal plane of the body at every instant in the cardiac cycle, near the center of which lies tlhe source of these potential differences, the heart.
The direction of the potential differences within the triangle can be determined by plotting the value of the potential difference between corners (as determined by leads I and II, or II and III) at synchronous points along two sides, dropping perpendiculars from these and connecting the point of intersection with the vertex of the angle formed at the corresponding corner of the triangle.
This line is then transferred to the center of the triangle.
Its direction has the direction of the potential difference in the heart (electrical axis)24 as manifested on the body surface at this moment, and its length expresses the socalled "manifest value"25 of the potential.
By similar plotting from instant to instant throughout the ventricular cycle, there is obtained a curve expressing the change in direction of the resultant potential difference and its magnitude throughout the progress of the cycle.26 While such an analysis gives nothing more than the direction and magnitude of the resultant vector of potential differences in the heart, if considered in the light of our knowledge of the architecture of the conductive system, certain inferences may be drawn as to the path of the excitation in the ventricle.
Fahr and Weber (132) and Fahr (133) found that the initial resultant negativity, in most human hearts, corresponding to the Q wave in the electrocardiogram, is placed to the right of the center of the triangle and progresses in a clockwise direction through an angle of approximately 220" to the termination of the S wave of the electrocardiogram.
In a smaller number, in which a Q wave occurs in leads I and II, initial resultant negativity points toward the left. There then follows a period in which the vectors are zero (space between S and T waves of electro- 24 Currents flowing in other planes than the frontal are projected in this plane and their components corresponding to this plane form a part of the total value obtained.
The three leads of electrocardiography lie in the frontal plane, so there is obtained only potential differences in this plane or projection upon this plane of potential differences lying in other planes of space.
25 The manifest value is a magnitude formed by the geometrical summation in the frontal plane of the body of all the action currents present in the heart at that moment.
26 Fahr and Weber found from experiments made on the cadaver, in which potential differences were induced in the heart by the direct application of a current from a storage battery, that the direction of potential difference, as indicated by the vector, was accurate within =t 10 degrees. cardiogram), expressing the condition of negativity of the whole mass of muscle. The more important points in reference to the course of the excitation wave, as inferred from the above results, are as follows. Ini ltial resultant negativity is in most cases on the right side, due probably to the short distance of the right bundle branch to the subendocardium of the right ventricle. Its first distribution in the right side is nearer apex than base. Within a short interval the negative wave has spread to the base of the right ventricle and to the left ventricle, and the vector then moves to the left of the midline, indicating preponderance of negativity in the left ventricular base. The spread to the left base is through two paths (two divisions of left bundle branch), which results in the excitation reaching a large mass of muscle at this time. Later the vector rotates toward the left apex with the involvement of this region, and the manifest value becomes very small, indicating that nearly the whole of the ventricular musculature has become involved.
Lewis (134) has analyzed the spread of the excitation separately in each ventricle of the dog's heart by the method of the equilateral triangle. In a previous paper Lewis and Rothschild (128) had shown that when one branch of the auriculo-ventricular bundle was cut, there was a delay of several hundredths of a second in the spread of the excitation to the corresponding ventricle, a time nearly or quite sufficient for the completion of the Q R S group of the electrocardiogram.27
This delay is due to the fact that the normal path of the excitation to the ventricle is eliminated and the excitation spreads from that ventricle still retaining connection with the bundle across the interventricular groove. By cutting the branches to one or the other ventricle it was thus possible to obtain electrocardiograms signalling the course of the excitation 27 Eppinger and Rothberger (135) and Rothberger and Winterberg (136).had previously sectioned the branches of the bundle in dogs and studied the changes in the axial electrocardiograms.
They found that section of either branch resulted in a profound change in the curve, which assumed the unusual form characteristic of extrasystoles of the affected ventricle. They regarded the atypical electrocardiogram as due to the abnormal conduction to the ventricle separated from the bundle, the impulse spreading to it from the other ventricle and thus entering it and being conducted through it in. an abnormal manner. Eppinger and Stoerk (137) published similar curves from five clinical cases supposedly due to right bundle branch defect, this conclusion being supported in two by examination at autopsy.
Subsequent clinical examples were furnished by Lewis (138) , by Mathewson (139), by Carter (149) and by Wilson and Hermann (141). Cohn and Lewis (142) reported that in four of the cases described by Carter, the pathological findings failed to support the diagnosis of bundle branch block. through one ventricle alone, namely, the one retaining connection with the bundle, for a period comprising most or all that required for the spread of the excitation (period of Q R S group). the electrocardiograms obtained as levograms and dextlrograms.
Lewis designated Analysis of the dextrogram showed the vectors to take a clockwise path with initial resultant negativity at the base and terminal at the apex. The levogram showed on the other hand an anti-clockwise movement with initial resultant negativity near the mid-region and termination at the apex. These directions correspond witih the inference of a spread through the initial branches of the b undle to the interventricular septum, the apices and around through th .e subendocardial Purkinje network on each side to the ventricular bases.28 From each point in the Purkinje network during this spread the excitation is regarded as passing out through the combination ventricular muscle to of the levogram and reach the epicardial surface. BY a dextrogram from the same heart, Lewis further found that a curve characteristic of the normal electrocardiogram was obtained, and that therefore if any two of these curves were at hand the third could be determined.
He concluded tlhat the electrocardiogram (Q R S group) is a " bigram" or summation curve of the action currents in the conduction system of the two ventricles (levogram and dextrogram) .2g
In a subsequent communication Lewis (145) analyzed the spread of the excitation by the method of the equilateral triangle in two human cases, one of supposed left, the other of supposed right bundle branch lesion. The former (dextrogram) showed a clockwise rotation of the vectors, in a general way similar to that obtained on section of the left bundle branch in dogs. The latter (levogram), showed an anti-clockwise movement, again resembling fairly closely the corresponding curve 28 It should be pointed out that the method of the equilateral triangle has not been proven to be valid for the dog and the shape of the body makes it probable that it would not hold true.
29 Selenin (143) had previously put forward a similar view from the results of the action of digitalis on the dog's electrocardiogram, and a study of the atypical curves obtained by extrasystoles occurring in the right and left ventricles respectively.
He found that a combination of the atypical electrocardiogram from right and left ventricular extrasystoles gave an approximately normal electrocardiogram.
According to Eiger (144), the electrocardiogram of each ventricle separately is a composite of two curves arising from the upward and downward passage of the excitation wave from the termination of the bundle branches, and the electrocardiogram of the whole heart is formed by a summation of these. 
DISCUSSION
Attempt has been made in this review to present the experimental facts as obtained by various investigators impartially so far as concerns any "theory" of the origin and conduction of the heart beat. A consideration of the experimental evidence we believe, however, lends strong support to the view that the property of impulse initiation and conduction is normally a function of the nodal tissues and the connecting anatomically differentiated structures. Initial activity, so far as we are able to determine it, is normally associated in both the lower vertebrate and mammalian heart with the sino-auricular node. Abolition of the function of this region results in the assumption of the "primum movens" by that part of the heart containing a similar mass of tissue (auriculo-ventricular node), separated a considerable distance from the normal seat of initial activity.
Furthermore, most workers have found that the occurrence of all impulses arising within the heart under various abnormal or unusual circumstances (so-called ectopic beats), may be referred to one of the nodes or to some part of the auriculo-ventricular bundle.
The only apparent exception to this is auricular fibrillation, in which the experimental evidence indicates that the impulses may be initiated in various portions of the auricular musculture.
The type of contraction in this rhythm departs widely, however, from the contraction in other rhythms, in the absence of coijrdination between the individual muscle fibers. If this point of view is adopted, the myogenic-neurogenic controversy becomes a question to be decided by the histologist and the neurologist, and is a matter of the fundamental nature of the "neuro-muscular" tissues composing these structures.
Recognition of this fact is perhaps no better expressed than by the great reduction of contributions to the literature, during the past ten years, concerning this prolonged and formerly active physiological controversy.
According to this view, the tissues comprising the two nodes and the bundle with its ventricular connections, are to be regarded as that part of the heart which serves the function of initiating the excitation (property of automaticity or response to the "(inner stimulus") and distributing it in a co6rdinated manner to the musculature of the auricles and ventricles, the main function of which is contraction.3d
The only line of modern experimental evidence uniformly opposed to the view of the sino-auricular node as the normal seat of impulse initiation, is that obtained from a study of the automaticity of isolated strips from the veno-auricular regions of the heart. These experiments, which have been quoted in preceding pages, have been carried out by ErlangeF and his co-workers.
It would seem that a reasonable objection to the interpretation of these experiments in opposition to the view that nodal tissue is of paramount importance for automaticity, is to be found in the injury to which the heart tissue is subjected and the very abnormal conditions under which it is studied.
The mechanical abuse associated with preparation of the strips, interruption of the vascular supply and exposure to artificial perfusion solutions, may very readily alter normal reactions There would seem to an .d lead to the development of abnormal activity. be no question that areas of the caval and right auricular regions outside of the sino-auricular node can develop automatic power as indicated by rhythmic beating.
Skeletal muscle, too, may show evidences of rhythmicity under abnormal environmental conditions-(Loeb (1884), Dynamics of living matter, 1906, p. 82)-yet there is no evidence that this ever occurs in the living intact animal. As we have seen, most of the experimental evidence, it is true of a negative character by necessity of the case, indicates that only regions containing nodal tissue show automatic power in the intact heart under approximately normal conditions. We cannot but feel that the results from observations of cardiac strips might be held of considerable value if corroborating other experimental evidence, but are of little significance when such other evidence is uniformly in opposition. 30 It is possible that differentiation of the properties of automaticity, conductivity and contractility in the mammalian heart has reached the point where certain strucures have entirely lost one property at the expense of the development of others to a pronounced degree. Eyster and Meek (33) found in dying hearts that the sulcus terminalis showed no visible contractions, while examination by the initial negativity method showed that the visible contractions in neighboring regions of the auricle and vena cava were resulting from excitations from this apparently quiescent region. Erlanger (129) was unable to find any evidence of contraction in false tendons composed of branches of the bundle, although the rate of conduction is faster in these than in ventricular muscle. 31 An excellent presentation of the view which regards various portions of the recognition of the sino-auricular node as of paramount importance has been given by Erlanger (93) . Granted that the impulse arises normally within or in the immediate neighborhood of the sino-auricular node, the major point of issue is perhaps the question as to its manner of conduction to the auriculoventricular node. In regard to this it may be said that most anatomical work has failed to reveal a connection between the two nodes composed of tissue resembling the nodes or the auriculo-ventricular bundle, and it would seem probable that conduction between the two occurs by the usual cardiac tissue; however, the possibility of the satisfactory confirmation of those workers who have found an anatomically Idifferentiated connection is not to be excluded. From the experimental standpoint, all observations seem to agree that conduction is rather diffuse, or at least not limited to a narrow path such as exists between the auriculo-ventricular node and the ventricles. According to one view, this path is very diffuse, and occurs through the right atrium, while according to another view the excitation passes to the atrium and auriculo-ventricular nodes separately, although passage through the atriurn may occur when the spread in the normal direction is prevented. This latter view assumes two or more possible paths of unequal resistance, the excitation normally taking the path of least resistance.
In the frog and tortoise the excitation spreads to the ventricle by way of the fibers passing downward from the auriculo-ventricular ring, the so-called funnel.
The conduction path is broad and the excitation presumably passes down all the fibers of the funnel, although there is evidence that not all the funnel is necessary for conduction and perhaps certain parts are more important in this connection than others. The excitation passes to the ventricular muscle and most workers agree that it proceeds as a simple wave to the apex, where it terminates.
Delay in the spread of the excitation from the supra-ventricular regions to the ventricles in the mammalian heart apparently occurs, in larger part, in the auriculo-ventricular node. Having passed the node, the excitation is distributed through the auriculo-ventricular bundle, and probably reaches the ventricular musculature through the extensive subendocardial Purkinje network.
The spread through this system is rapid, so rapid indeed that it is difficult or impossible to determine very definitely the direction taken by the excitation.
Due to the extensive branching of the auriculo-ventricular conducting system the excitation probably spreads in various directions, and no longer proceeds as a single wave along a circumscribed path. Determinations of the incidence of negativity on the endocardial surfaces have given differences of only a few thousandths of a second. According to some investigators this is also true of the epicardial surface. Others find, however, that while many epicardial surface points receive the excitation at approximately the same time, there are other regions which do not become excited until a few hundredths of a second later. This slower conduction to the latter regions may be due to a longer conducting path or to a slow rate of propagation through the ordinary musculature after the excitation leaves the Purkinje system, thus reaching the outer surface over regions where the ventricular muscle is thin before it reaches the surface areas overlying thicker masses of muscle. All recent workers seem to agree that in the mammalian ventricle the excitation cannot be regarded as a simple wave propagated in a single path, but it is to be regarded as coursing in various directions through the complex ramifications of the conduction system. 
